Aedes aegypti mosquitoes, main vectors for numerous flaviviruses, have olfactory 15 preferences and are capable of olfactory learning especially when seeking their required 16 environmental conditions to lay their eggs. In this study, we showed that semiochemical 17 conditions during Aedes aegypti larval rearing affected future female choice for oviposition: 18 water-reared mosquitoes preferred to lay eggs in water or p-cresol containers, while skatole 19 reared mosquitoes preferred skatole sites. Using two independent behavioural assays, we 20 showed that this skatole preference was lost in mosquitoes infected with dengue virus. Viral 21 RNA was extracted from infected female mosquito heads, and an increase of virus load was 22 detected from 3 to 10 days post infection, indicating replication in the insect head and 23 possibly in the central nervous system. Expression of selected genes, potentially implied in 24 olfactory learning processes, were also altered during dengue infection. Based on these 25 results, we hypothesise that dengue virus infection alters gene expression in the mosquito's 26 head and is associated with a loss of olfactory preferences, possibly modifying oviposition 27 site choice of female mosquitoes.
Introduction
significant negative Preference Index (PI) compared to females reared in skatole (Mann infected females appeared to lay fewer eggs than uninfected mosquitoes after the first 152 infectious blood meal (Table 2 , P = 0.006). 154 To determine when DENV2 reaches female mosquito's head and potentially the central 155 nervous system, RT-q-PCR tests were performed at different days post infection (dpi). 156 Immediately after the blood feeding, the mosquitoes had detectable viral RNA from blood 157 uptake in their heads, including the proboscis, with an average Ct of 33. Viral RNA in the 158 mosquito head was then undetectable by day 3, before rising to detectable levels at 4 dpi. By 159 7 dpi, DENV2 RNA was detected in all tested heads, with an average Ct of 25. The amount 160 of detectable RNA increased to an average Ct of 21 by 10 dpi representing a significant 161 increase of virus in the mosquito heads ( Fig. 3) . 162 To determine the effects of virus replication in the mosquito, we looked at the contemporary 163 changes in gene expression in mosquito head during DENV2 infection. Two genes of the 164 cAMP-responsive element-binding protein (CREB) pathway were targeted (Table 1) , as they 165 are broadly involved in synaptic plasticity and learning process in Drosophila, as well as 166 Aplysia and rodent models 39 . The cAMP-dependent protein kinase A (PKA) is activated by 167 intracellular calcium increase following the activation of synaptic neurotransmitter receptor.
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Virus replication and gene expression in mosquito heads
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Acting as the second messenger, cAMP phosphorylates the CREB, and is therefore an active 169 transcription factor for CREB-dependent gene expression 40 . Gene expression of the 170 calcium/calmodulin-dependent protein kinase type II (CAMK II), involved in long-term 171 potentiation, was explored (Table 2) . This kinase is activated by calcium and calmodulin and 172 is capable of auto-phosphorylation and controls neuronal growth in Drosophila 41 . One mode 173 of action of CAMK II is linked to phosphorylation of synapsin, a key-component of pool 42 . Expression profile for all four genes involved in learning or synaptic plasticity 176 showed overexpression after infection compared with uninfected mosquitoes, becoming 177 significant at 7 dpi ( Fig. 4 ). However, a significant decrease was seen at 10 dpi for CAMK II Anopheles malaria vectors, the dissociation between oviposition site, which is often scarce, 191 and remote food source implies needs for long or mid-range orientation and would 192 necessitate "some form of learnt behaviour" 15 . 193 In this study, the impact of DENV2 infection on its vector behaviour was tested on female 194 mosquitoes reared in water or skatole. No significant change was observed after infection in 195 water-reared females. Interestingly, after infection, skatole-reared mosquitoes did not show 196 any preference for the chemicals (Fig. 1C ) and preferred the water arm in the Y-tubes assays 197 ( Fig. 2B ). However, after the second not-infectious BM in the oviposition choices indicating that the skatole was not a deterrent at that stage. Interestingly, besides the observed 200 behavioural changes, infected females also showed a significantly decrease number of eggs 201 laid. This potential fitness cost has previously been reported in Aedes aegypti infected by 202 DENV2 32 .
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In parallel to the behavioural data, RT-q-PCR results showed that DENV2 RNA was present 204 in the head of orally infected females immediately after an infected blood meal, probably 205 through contamination of the buccal pieces and disappeared at 3 dpi. The prevalence of 206 DENV2 positive mosquitoes then increased from 0 % at 3 dpi ( Fig. 3 ) to 66 % of positive 207 females at 4 dpi, and finally 100 % at 7 and 10 dpi. The increase in prevalence was associated 208 with increase in viral RNA load in mosquito heads from 4 dpi to 10 dpi ( Fig. 3 ), probably due 209 to virus replication. Previously, dengue virus antigen detection in orally infected Aedes 210 aegypti mosquitoes showed that the nervous tissues are among the first to be infected, as 211 early as 5 dpi 44 . In this study, the authors highlighted that DENV2 (Jamaica strain) infection 212 was absent in the Aedes aegypti (Mexico origin) muscles, unlike previously shown Culex 213 pipiens infected with West Nile virus 45 . Interestingly, these authors also stated that heads and 214 salivary glands were the only tissues where viral antigens continued to accumulate until 21 215 dpi, while other infected tissues showed a decrease in the infection rate. Finally, a recent 216 study showed that the same DENV2 strain is able to replicate in dissected Aedes aegypti 217 (Mexico origin) primary neuron culture, with the presence of viral antigens 38 . Oviposition 218 behaviour, as well as the related odour choice modification by infection, occurred between 3 219 to 5 days post BM 46 , with increase of virus load and prevalence in female heads. Therefore, it can be hypothesised that DENV2 may interfere with the olfactory signal processing, either in olfactory learning in Drosophila 54 . Although the calmodulin pathway is also involved in 250 development processes, particularly for the nervous and visual systems, and the immune 251 system of invertebrates; synapsin, on the other hand, is more specific to neuronal cells. Our 252 data shows that dengue virus infection in mosquito heads led to overexpression of genes 253 involved in memory, some of which are also implicated in immune defence in mammals 55 . data on these genes, we believe that DENV2 infection leads to mosquito learning behavioural 283 changes via changes in these gene expression. However, we cannot rule out the possibility 284 that these genes are involved in a different type of learning, such as habituation, or 285 associative learning. These behavioural changes could have an impact on viral transmission, 286 as they could be either advantageous for virus dispersion via infected vectors, or detrimental 287 for the vector's fitness. These results showed that, far from being neutral and innocuous to 288 the vector, the virus infection triggered complex changes in the mosquito behaviour and its 289 potential fitness. It is also important to note that only genes involved in learning processes 290 were assessed, and that genes involved in chemosensory, neuronal circuit development or 291 other neuronal circuit pathways could also be involved. The findings presented here are 292 important for dengue control strategies in order to find optimal strategies for adult/larvae 293 trapping and insecticides treatment 56 . 
